Abstract. The objective of the present study was to determine whether the loop-mediated isothermal amplification (LAMP), cross-priming amplification (CPA), and/or isothermal multiple-self-matching-initiated amplification (IMSA) methods can provide rapid detection of the runt related transcription factor 1/runt related transcription factor 1 translocation partner 1 (AML1/ETO) fusion gene in acute myeloid leukemia (AML). According to the sequence of the AML1/ETO fusion gene available in GenBank and the principles of the LAMP, CPA and IMSA methods, specific primers were designed to bind a conserved region of the AML1/ETO gene in each assay. Following optimization of the conditions for the LAMP, CPA and IMSA assays, the specificity and sensitivity of the assays were examined and compared. In addition, 41 clinical samples were assayed using the three methods. It was observed that a ladder-like pattern of DNA products was produced in AML1/ETO-positive samples in all three assays, whereas no DNA product was generated with the controls. The detection limit of the LAMP and CPA assays was 50 copies/tube, and for the IMSA assay was 10 copies/tube. This sensitivity was consistent, and improved in the latter case, compared with that of the reverse transcription-polymerase chain reaction (RT-PCR) assay. Furthermore, the detection rate for bone marrow or peripheral blood samples was 9.76%, and the agreement among the LAMP, CPA, IMSA and RT-PCR methods was 100%.
Introduction
Acute myeloid leukemia (AML) is a heterogeneous disease involving hematopoietic stem cells. Various clonal disorders of AML result from the failure of differentiation and uncontrolled proliferation of cells. It is estimated that ~15% of adults with AML carry the t(8;21) (q22;q22) chromosomal translocation (1,2) which fuses the runt related transcription factor 1 (AML1, also known as RUNX1) and runt related transcription factor 1 translocation partner 1 (ETO, otherwise known as RUNX1T1 or MTG8) genes to produce an AML1/ETO chimeric protein (3, 4) . The AML1/ETO fusion gene is associated with ~6% of M1 morphology cases of AML, according to the French-American-British classification system, and with up to 92% of M2 morphology cases (5) .
To date, the methods available for the detection of t he A M L1/E TO f usion gene i nclude reverse transcription-quantitative polymerase chain reaction (RT-qPCR) (6, 7) and fluorescence in situ hybridization (FISH) (8) . However, these methods require expensive laboratory equipment and well-trained personnel, and these represent barriers to the widespread use of these methods, particularly in developing countries. Therefore, rapid, sensitive and affordable diagnostic methods, which can be used in resource-limited settings are urgently required.
Loop-mediated isothermal amplification (LAMP) was developed by Notomi et al (9) . Briefly, LAMP can amplify nucleic acids within ~1 h and it has a detection limit of <10 copies. This method uses four specially designed primers, which recognize six regions of a target DNA (Fig. 1A) .
Advantages of the LAMP assay include its ease of operation, its high degree of specificity and sensitivity, and its rapid and simple procedure compared with PCR methods. Another isothermal DNA amplification method is cross-priming amplification (CPA), which was developed by Ustar Biotechnologies (Hangzhou, China). CPA relies on the use of DNA polymerase for strand displacement activity (10) and it is characterized by a high sensitivity of amplification with the use of five primers (Fig. 1B) . Furthermore, the CPA method does not require a DNA denaturation step, which makes the CPA method suitable for performing diagnostic tests in resource-poor settings. More recently, isothermal multiple-self-matching-initiated amplification (IMSA) has been developed, which is a method that utilizes an isothermal DNA amplification system. This method was developed by Ding et al and has been used to detect human enterovirus 71 and coxsackievirus A16 (11) . A total of three primer pairs are required to recognize seven regions of a target DNA sequence in this assay (Fig. 1C) . The IMSA method only requires a simple heating device, results are easily obtained with several detection formats, and Ding et al (12) have been improving the visual diagnosis for this method.
In the present study, three rapid and sensitive isothermal amplification methods were used to detect the AML1/ETO fusion gene: LAMP, CPA and IMSA. The sensitivity, specificity and practical use of each method for the detection of the AML1/ETO fusion gene were evaluated and compared. To the best of our knowledge, the present study is the first demonstration of the capacity for these newly developed methods to be applied to AML, which have the potential to facilitate AML-M2 monitoring in developing countries.
Materials and methods

Reagents.
The following reagents were purchased as indicated: Bst 2.0 DNA polymerase large fragment (New England Biolabs, Guangzhou Ltd., Guangzhou, China), Avian Myeloblastosis Virus Reverse Transcriptase (Promega Corporation, Madison, WI, USA), dNTPs (TransGen Biotech Co., Ltd., Beijing, China), RNAiso Plus (Takara Biotechnology Co., Ltd., Dalian, China), betaine (Sigma-Aldrich; EMD Millipore, Billerica, MA, USA), SYBR-Green I (SG I) fluorescent dye (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), PCR SuperMix (TransGen Biotech Co., Ltd.), and primers synthesized by Sangon Biotech Co., Ltd. (Shanghai, China).
Primer design. According to the sequences available for the AML1 gene (GenBank: KJ890835.1), the ETO gene (GenBank: X79990.1), and the AML1/ETO fusion gene (GenBank: S78158.1), primers for the LAMP method were designed with the assistance of Primer explorer v 4.0 (http://primerexplorer.jp/e/). Primers for the CPA and IMSA methods were also designed according to the principles of these methods (Table I) (10, 11) . Three primers, BIP for LAMP, 1s for CPA, and RIT/FIT for IMSA, were designed to recognize binding sites at the fusion point of the AML1/ETO fusion gene ( Fig. 2A-C) . The primers used for PCR and FISH probes were synthesized as previously described (Table I) (13) .
RNA isolation. Mononuclear cells were isolated from bone marrow (BM) and peripheral blood (PB) samples with Lymphoprep reagent (TBD Science, Tianjin, China) and were stored at -80˚C. Total RNA from the BM and PB samples was extracted with TRIzol reagent (Takara Biotechnology Co., Ltd.) according to the manufacturer's protocol. Each RNA sample was eluted in a final volume of 30-µl RNase-free water.
LAMP, CPA and IMSA assays. Initially, the LAMP, CPA and IMSA assays were each performed using a total volume of 25 µl, which included aliquots from an isothermal master mix that contained 1.5 µl Bst 2.0 DNA polymerase (8 U/µl), 1 µl AMV enzyme, 0.5 M betaine, 1.0 mM dNTPs, 2.5 µl of 10x ThermoPol buffer (New England Biolabs, Guangzhou Ltd.), and 2 µl template. For the LAMP reaction, the primer mix consisted of F3 and B3 primers at 0.2 µM, and FIP and BIP primers at 2 µM. The primer mix for CPA consisted of the 1s primer at 2.0 µM, the 2a/3a primers at 0.8 µM, and the 4s/5a primers at 0.4 µM. For IMSA, the concentration of the outer primers, DsF/DsR, were at 0.2 µM, whereas the FIT/RIT and SteF/SteR primer sets were each at 0.8 µM. In parallel, ddH 2 O was used as a negative control in these assays. All assays were performed with triplicate samples.
The reactant mixture and 1.0 µl of 2,000X SGΙ fluorescent dye were added into relatively separated spaces within 0.2-ml isothermal amplification microcentrifuge (IAM) tubes. The IAM tubes were inverted several times to mix the reactant mixture and SGΙ. When the reaction was complete, the samples were directly observed under visible light or UV light without opening the tubes (Fig. 3) . To terminate the reactions, the tubes were incubated at 85˚C for 5 min. . RNA was extracted from these samples and was used to evaluate specificity of the LAMP, CPA and IMSA assays for detecting the AML1/ETO fusion gene. RNA samples from healthy individuals were used as controls. These samples were subjected to LAMP, CPA and IMSA assays, which were performed under the optimal conditions identified above. were collected from patients with suspected primary acute leukemia aged between 17 and 63 years old at the Affiliated Hospital of Guangdong Medical University. These samples were subjected to LAMP, CPA and IMSA assays. RT-PCR assays were also performed on these samples.
Ethics statement. All procedures performed in the present study involving human participants were in accordance with the ethical standards of the Ethics Committee of the Affiliated Hospital of Guangdong Medical University, and with the 1964 Helsinki declaration and its later amendments or comparable ethical standards. No experiments involving animals were performed in the present study. Informed consent was obtained from all of the individuals who were involved in the study.
Results
Amplification of the AML1/ETO fusion gene by LAMP, CPA and IMSA assays. Positive samples in the LAMP, CPA and IMSA reactions exhibited a ladder-like pattern with electrophoretic separation on a 2.0% agarose gel. By contrast, this pattern was absent in the control samples (Fig. 4A-C) . When the reaction products were mixed with SGΙ fluorescent dye, the positive samples changed color from orange to green, whereas the negative controls remained orange in color (Fig. 4D-F) . Under UV light, the positive samples exhibited a green fluorescent signal, whereas the negative controls remained dark orange in color (Fig. 4G-I) .
Optimization of the assays. The optimal temperatures for the LAMP, CPA and IMSA assays were determined by varying the temperature of the assays between 60 and 65˚C for 60 min and using a plasmid containing the AML1/ETO fusion gene as a template. For the LAMP (Fig. 5A-C) , CPA (Fig. 5-D-F) , and IMSA (Fig. 5G-I ) assays, the optimal temperature was 60˚C (Fig. 5A, E and I) . The optimal concentrations of Bst DNA polymerase and Mg 2+ in the three assays were 8 U/tube (Fig. 5B, F and J) , and 2.0, 3.0, and 2.0 mM (Fig. 5C, G and  K) , respectively. The optimal reaction time for the LAMP and CPA assays was 45 min, and the optimal reaction time was 30 min for the IMSA assay (Fig. 5D, H and L) .
Assay specificity. The specificity of the LAMP, CPA, and IMSA methods for detecting the AML1/ETO fusion gene was determined by assaying samples containing other fusion genes of hematologic malignancies, including BCR/ABL, PML/RARA, 11q23/MLL and E2A/PBX1. Samples from healthy individuals were used as controls. Amplification products were only observed in the reaction tubes that contained the target region of the AML1/ETO fusion gene. In addition, the three isothermal assays achieved 100% specificity for the target fusion gene, and this was comparable to the detection specificity achieved with PCR analysis (Fig. 6A-I) . Assay sensitivity. A plasmid containing the AML1/ETO fusion gene was serially diluted. Various dilutions of the plasmid were then subjected to LAMP, CPA, and IMSA assays to evaluate sensitivity. RT-PCR analysis was also performed on the diluted samples for comparison. It was observed that as few as 10 plasmid copies/tube were detected in the IMSA assay, whereas 50 plasmid copies/tube was the detection limit for the LAMP, CPA and PCR assays (Fig. 7A-J) . These results demonstrated that the IMSA assay exhibited increased sensitivity in detecting the AML1/ETO fusion gene compared with the LAMP, CPA and RT-PCR assays.
Detection of clinical samples with LAMP, CPA and IMSA assays.
A total of 41 BM or PB samples were subjected to LAMP, CPA and IMSA assays to detect the AML1/ETO fusion gene. In parallel, the same samples were subjected to RT-PCR assays. The positive detection rate for all three assays was 9.76%, and these results were in agreement with those from the RT-PCR assays (Fig. 8A-J) .
Discussion
AML is a hyperplastic disease involved in the proliferation and abnormal differentiation of leukemia cells in BM and PB, and this can be a life-threatening condition (14) . The crude incidence and mortality rates of leukemia in China in 2009 were 5.68/10 5 and 4.28/10 5 , respectively. In addition, the incidence and mortality rates of myeloid leukemia were significantly higher than those for lymphoid leukemia. The incidence of AML is closely associated with the formation of oncogenic fusion genes from chromosomal translocation events, and they often represent molecular biological markers of AML (2) . Therefore, the ability to detect and monitor fusion genesis is of importance to patients with AML. To date, the fusion genes of AML mainly include: PML-RARA,
A M L1-E TO, CBFβ -M Y H11, M L L/A F9, DEK/CA N, nucleophosmin (NPM)/myeloid leukemia factor 1 (MLF), E2A/PBX1, and translocation liposarcoma (TLS)/ETS-related gene (ERG)
, and these are of significance for the diagnosis and treatment of AML.
Among the fusion genes mentioned above, the AML1/ETO fusion gene is recognized as a classic molecular marker for AML-M2. Previously, RT-PCR was the gold standard for rapid and sensitive detection of the AML1/ETO fusion gene in leukemia. However, RT-PCR requires ~4-5 h due to separation of the reverse transcription step and the amplification step. In the present study, these two steps were performed simultaneously, which shortened the RT-PCR protocol by 1-1.5 h. In addition, unlike conventional RT-PCR, the amplification products of LAMP, CPA and IMSA assays do not require any further manipulation as they can be visualized with fluorescent dyes, including calcein and SGΙ, or directly analyzed with a real-time turbidimeter. Calcein was the first dye used in isothermal reactions based on its ability to release Mn 2+ upon complexation with pyrophosphate during DNA synthesis (15, 16) . Therefore, this dye can be added into a reaction system prior to an isothermal reaction, and cross-contamination does not occur to affect the reaction. However, calcein exhibits reduced sensitivity compared with the SGΙ fluorescent dye and a real-time turbidimeter (11, 17) . The use of a real-time turbidimeter also means that LAMP, CPA and IMSA assays can be quantitative techniques (18) . However, turbidimeters are not widely available in developing countries due to their cost. Previously, SGI was the most common fluorescent dye used for isothermal reactions due to its high sensitivity and low cost. However, this dye is added following the reaction endpoint (19, 20) , and the opening of a reaction tube increases the potential for cross-contamination (21) . In the present study, novel IAM tubes were used in the LAMP, CPA, and IMSA reactions that were initially performed. The circumference of these tubes was such that the isothermal reaction liquid was added and remained distinct from the added SGI fluorescent dye. When the isothermal reaction was initiated, the IAM tube was inverted several times to completely mix the isothermal reaction liquid and the SGI fluorescent dye without opening the cover, therefore, minimising cross-contamination (Fig. 3) .
To the best of our knowledge, the present study is the first to compare LAMP, CPA and IMSA assays in terms of detection of the AML1/ETO fusion gene. In addition, the diagnostic performance of these three thermal amplification assays was compared with that achieved with RT-PCR. In terms of sensitivity, the LAMP and CPA assays exhibited comparable sensitivity to RT-PCR (50 copies/tube). However, the IMSA assay exhibited increased sensitivity (10 copies/tube) of detection, and this result is in agreement with the results of a previous study, which demonstrated that the IMSA assay was more sensitive than the LAMP assay in the detection of human enterovirus 71 (11) .
Primer specificity is important in isothermal assays. To distinguish the AML1/ETO fusion gene from other fusion genes, specific primer sets were designed for the LAMP, CPA and IMSA assays, which were all based on a region common to the AML1 gene (GenBank: KJ890835.1), the ETO gene (GenBank: X79990.1), and the AML1-ETO fusion gene (GenBank: S78158.1). Specifically, BIP, 1s, and RIT/FIT primers, respectively, were designed to bind the fusion point of the AML1/ETO fusion gene. To determine the specificity of these primers, the AML1/ETO fusion gene and four other fusion genes associated with malignant tumors of the hematological system were assayed in parallel. A high degree of specificity in detection of the AML1/ETO fusion gene was observed, and no false-positive results were obtained. Therefore, the LAMP, CPA and IMSA assays exhibited high specificity for the AML1/ETO target. Of note, only four fusion genes were selected to serve as negative controls in the evaluation of assay specificity due to the limited availability of other fusion genes. It was hypothesized that primers with increased specificity prevent the detection of other fusion genes as false-positives, and this can be assessed in future investigations by assaying additional fusion genes to provide data to further characterize the sensitivity of isothermal assays.
A practical evaluation of the LAMP, CPA and IMSA assays was performed with detection of the AML1/ETO fusion gene in 41 clinical samples. An RT-PCR assay of these samples was performed in parallel, and 4/41 clinical samples were identified as positive for the AML1/ETO fusion gene. The LAMP, CPA and IMSA assays produced the same result. Taken together, these results confirmed that the LAMP, CPA and IMSA assays, which were optimized in the present study, exhibited comparable sensitivity and specificity to RT-PCR assays in detecting 7) and SYBR-Green I under UV light. M, Trans 2K plus II DNA marker; N, negative control; LAMP, loop-mediated isothermal amplification; CPA, cross-priming amplification; IMSA, isothermal multiple-self-matching-initiated amplification; AML1/ETO, runt related transcription factor 1/runt related transcription factor 1 translocation partner 1; 1, AML1/ETO plasmid ; 2, AML1/ETO fusion gene sample; 3, chronic myelogenous leukemia (breakpoint cluster region/abelson) sample; 4, acute promyelocytic leukemia (promyelocytic leukemia/retinoic acid receptor-α) sample; 5, 11q23/mixed lineage leukemia leukemia sample; 6, acute lymphocytic leukemia/PBX homebox 1 sample; 7, healthy sample as the template. the AML1/ETO fusion gene. Furthermore, these results demonstrated the reliability of these assays for use with clinical samples, and the ease of applying these methods in small hospitals with non-specialized laboratories may eliminate delays in waiting for results from reference hematological centers. However, LAMP, CPA and IMSA assays are more expensive than RT-PCR assays (~20.00, vs. ~5.00 Yuan, respectively). As the RT-PCR assay is a more established method, there are numerous commercially available PCR kits, and this has reduced the cost of the RT-PCR method.
In conclusion, the results of the present study demonstrated that the LAMP, CPA and IMSA isothermal assays, which were optimized in the present study, exhibited high specificity in detecting the AML1/ETO fusion gene. They exhibited no cross-reactivity with other fusion genes, and their clinical accuracy was equivalent to that of an RT-PCR assay, which was performed in parallel. These assays represent rapid, sensitive and specific tools, which can be applied in poorly equipped laboratories. However, these assays do not currently represent quantitative assays for the detection of minimal residual disease during follow-up. It is considered possible to generate quantitative versions of the LAMP, CPA and IMSA assays for the detection of the AML1/ETO fusion gene, and these are currently under evaluation.
